We can pump magnons to a nearly harmonic magneto-textural trap in superfluid 3 He-B. Using the NMR spectroscopy of levels in the trap we have measured the anisotropic magnon mass and related values of the spin-wave velocities. Based on our measurements we provide values of the Fermi-liquid parameter F a 1 .
INTRODUCTION
He-B is the topological superfluid with gapless Majorana fermions on the boundary (see recent review [1] ). Optical magnons in a magneto-textural trap proved to be a useful and convenient experimental tool for studying various properties of superfluid 3 He-B. A number of effects can be observed in this system such as BoseEinstein condensation of magnons [2] , Suhl instability [3] with excitation of other spin-wave modes including a longitudinal Higgs mode [4] , self-localization of magnons [5] . It can be used as a probe of quantized vortices [6] , Andreev bound states and gravity waves on the 3 He surface [7] , boundary between 3 He-A and 3 He-B superfluids [8] . It also can be used as a tool for accurate measurements of various 3 He parameters and as a thermometer which works below 0.3 mK [8] .
For proper interpretation of these measurements, basic properties of magnons should be accurately known. In this paper we report detailed measurements of magnon spectra from which we find the anisotropic magnon mass and spin-wave velocity in 3 He-B.
SPIN WAVES IN 3 HE-B
The equilibrium state of superfluid 3 He-B is described by the order parameter matrix:
where ∆ is the energy gap, ϕ is the phase, and R aj is a rotation matrix which can be written in terms of the rotation axis n and the angle θ as R 0 aj = cos θ δ aj + (1 − cos θ) n a n j − sin θ e ajk n k .
In non-zero magnetic fields the gap becomes anisotropic, but for fields used in this work we can neglect this effect.
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Spin waves in 3 He-B correspond to oscillations of the rotation matrix R aj . The motion is affected by the energy of the spin-orbit interaction F so and the gradient energy F ∇ :
where
χ B is the spin susceptibility of the 3 He-B, γ the gyromagnetic ratio for the 3 He atom, Ω B the Leggett frequency, and K 1 , K 2 and K 3 are parameters of the gradient energy.
The linear equation of small spin oscillations near the equilibrium value
In a texture where n is almost parallel to H or in a high magnetic field ω L = |γH| ≫ Ω B one can separate transverse (S − S 0 ⊥ H) and longitudinal (S − S 0 H) oscillations of spin. For a harmonic solution S − S 0 = s e iωt one can write
(s x + is y ), β n is an angle betweenn and H, the orbital anisotropy axisl j = R ajŜ 0 a , and
In the case of short wavelengths (when the spin changes on a much shorter distance than the texture) one can write spectra for plane waves with a wave vector k:
Here the meaning of all parameters becomes clear: c ⊥ and c are velocities of transverse waves, propagating perpendicular and parallel to thel direction; C ⊥ and C are the velocities of longitudinal waves; Ω B is a frequency of the uniform longitudinal NMR in a texture with n||H.
The first equation in (8) describes transverse spin waves, which are similar to that in ferromagnets. In the presence of magnetic field it has two solutions ω(k), which are called acoustic (low ω) and optical (high ω) magnons. The second equation for longitudinal waves is unique for 3 He. Spin-wave spectrum in a uniform texture is presented on Fig. 1 . Gradient energy coefficients were calculated in Refs. [11, 12] . In particular, they depend on two antisymmetric Fermi-liquid parameters F 
Here m is the bare mass of 3 He, m * is the effective mass of Fermi-liquid quasiparticles, ρ is the 3 He density and Y 0 is the temperature-dependent Yosida function.
Without Fermi-liquid corrections
SCHRÖDINGER EQUATION FOR OPTICAL MAGNONS
In the case of optical magnons with ω ≈ ω L , in the texture wheren is almost parallel to H, the first equation in (6) can be rewritten in a form of a Schrödinger equation for a magnon quasiparticle with an anisotropic mass:
Here complex value s + plays role of the magnon wave function, the energy is defined by the precession frequency E = ω, and the values of the magnon mass are
Potential for magnons U is formed by the order parameter texture β n and the magnetic field ω L :
In our setup we are able to create a harmonic trap for magnons in 3 He bulk far from cell walls. Using spectroscopy of levels in the trap we measure the magnon mass.
EXPERIMENTAL SETUP
We work with a 3 He sample confined in a long quartz tube (diameter 5.85 mm, length 15 cm) and cooled in a nuclear demagnetization cryostat. Temperature is measured by two vibrating tuning forks, located in the lower part of the experimental cell. Experiments are performed in the low temperature limit (T = 0.13 − 0.20 T c ), where such parameters as the gap ∆, Leggett frequency Ω B , spin wave velocities c ,⊥ , susceptibility χ B do not depend on temperature. Pressures 0-29 bar are used.
The experimental volume is located near the upper end of the tube (Fig. 2) . The NMR spectrometer includes a transverse pick-up coil made from copper. The coil is a part of the tuned tank circuit. Capacitor of the circuit is installed at the mixing chamber temperature, it can be switched to 8 different values changing the resonance frequency in the range 550-830 kHz, which corresponds to the NMR in 3 He at the magnetic field 17.0-25.5 mT. The Q value of the tank circuit is in the range 125-135 depending on the frequency.
In addition to the NMR solenoid, which produces a static magnetic field, a small superconducting longitudinal coil is used to create a minimum of the field at the center of the coil system. For the interpretation of the measurements it is important to know the field profile. We determine the profile using continues-wave (CW) NMR spectra measured in the normal 3 He (Fig. 3) .
MAGNETIC FIELD PROFILE
In the simplest model the field of the main solenoid is uniform and proportional to the current I in it. The field of the longitudinal coil can be calculated as that of a current loop with the radius R m , number of turns N m and current I m .
Since both coils are superconducting, they distort the field. We have studied this effect numerically. Distortion of the main solenoid field can be accounted for by introduction of some additional current in the longitudinal coil I ditional uniform field proportional to I m and adjusting the effective radius R m of the loop.
We also introduce a tiny transverse gradient g = ∂H/∂x to explain the appearance of the double peak at |I m | < 0.1 A. This effect is small and not important for most of our measurements (since it does not affect the quadratic terms in H), we use it only to improve fitting of normal phase spectra.
The combined field is
where F (r, z) is a field of a circular loop with N m turns, radius R m and 1 A current and parameters have been found by fitting the normal 3 He CW NMR spectra: 
Minus sign in front of the second term in (14) shows that the longitudinal coil is directed opposite to the NMR solenoid to provide field minimum along the z axis for a positive current I m . Measured and calculated spectra in normal 3 He are shown in Fig. 3 . In experiments with trapped magnons only quadratic terms in the field distribution near the center of the experimental volume are important.
Expansion of the analytical formula for a field of a current loop gives
where µ 0 is vacuum permeability. Note that the ratio of quadratic terms of H z in the z and r direction equals −2. This comes from the Maxwell equations and should be valid for any field distribution with this kind of symmetry. Our model for the field profile near the center gives
where M r = 3N µ 0 /8R In our cylindrical cell order parameter of 3 He-B forms a so-called "flare-out" texture [10] . Near the cell axis the angle β n can be approximated by a linear function of radial coordinate, β n (r) ≈ β ′ n r. Together with the quadratic field profile (17) this results in a harmonic trap for magnons. The potential (13) can be written in the form
We can observe only axially symmetric and z-even eigenstates in the harmonic potential, since they have non-zero total transverse magnetization. Corresponding frequencies are 2πf (nr,nz) = ω 0 + (2n r + 1) ω r + (n z + 1/2) ω z , (20) with n r = 0, 1, 2 . . . and n z = 0, 2, 4 . . . We use pulsed NMR to populate a few lowest levels in this harmonic trap (Fig. 4) . If the number of magnons in the system is small enough, interaction between the levels is negligible and multiple states can be resolved in the measurement using Fourier transform as in Fig. 4 . We measure differences f (nr,nz) − f (0,0) between higher levels and the ground level. This can be done with a precision better than 1 Hz. The measurements are repeated as a function of the longitudinal coil current I m . With this procedure we separate the magnetic part of the potential which depends on I m from the textural part. In Fig. 5 an example of such measurement is presented. Data are fitted using the resonant condition (20) with frequencies (19). We use only n r = 1 and n z = 1 states at I m > 0.5 A to reduce inharmonic effects which grow with increasing spatial extent of the standing spin wave.
We have found that the spectrum can be affected by textural defects, created when 3 He is cooled down from the normal phase [13] . Fig. 6 shows the magnon spectra measured in textures with and without defects. It is possible to remove defects by applying a large NMR pumping for a period of a few seconds. We have done spectra measurements for NMR frequencies f 0 = 550 − 830 kHz and pressures P = 0 − 29 bar. We fit the data using four parameters:
The first two parameters describe the magnetic part of the potential, they are responsible for the axial and radial level dependence on I m . Using these parameters and the M r constant (17) one can find spin wave velocities. As expected, they do not depend on the frequency of the measurements. The pressure dependence is shown on Fig. 7 . Accuracy of c measurement is much better then that of c ⊥ because axial levels have stronger dependence on I m . The bad texture also has a smaller effect on it. Theoretical values, calculated using (7) and (9) 
The third fitting parameter, c ⊥ Ω B β ′ n describes textural part of the radial potential, which does not depend on I m . It gives us information about the texture close to the cell axis. The detailed structure of the texture obtained from the magnon spectra measurements will be published elsewhere. The last fitting parameter, I 0 m is proportional to the NMR frequency and does not depend on pressure. Its value is given by (15) .
FERMI-LIQUID PARAMETER F a 1
We can use expressions (7) and (9) (Fig. 7) are shown by filled circles. The error bars show statistical uncertainty from the measurements, possible systematic error from ignoring high-order Fermi-liquid parameters and strong-coupling effects is not included. Open circles are measurements from [15] . and pressures. Values of susceptibility χ B and effective mass m * are known reasonably well [14] . For theoretical curves in Fig. 7 we use value of F a 1 from [15] . It was found using normal 3 He specific heat measurements at relatively high temperatures (20-100 mK), where the Fermi-liquid approximation might not be very accurate. Higher-order Fermi-liquid parameters were neglected in that work. Other measurements of F a 1 [16, 17] claim even less accuracy. We have found F a 1 from our mea-sured values of the spin-wave velocities (see Fig. 8 ).
In the calculation we used Eq. (9) which was obtained in the weak-coupling approximation and neglects highorder Fermi-liquid parameters. Our results can be approximated as 
This pressure dependence is much weaker than that found in Ref. [15] . The discrepancy at high pressures might originate in the strong-coupling effects which are not included in the used theoretical model.
CONCLUSION
In this paper we have presented our measurements of spectra of magnons in a magneto-textural trap in 3 He-B. The trap size can be controlled by the magnetic field, which allowed us to separate the magnetic and textural effects on the magnon levels in the trap and to measure spin-wave velocities. Values of the spin-wave velocities determine anisotropic magnon mass tensor and can be used to find Fermi-liquid parameter F a 1 . These new data could be used in future to refine values of other 3 He-B parameters, including properties of the orbital orderparameter texture and the magnetic relaxation properties like spin diffusion. The latter is essential for application of trapped magnons as a self-calibrating thermometer in a microkelvin regime.
